Abstract: 2-aminothiophenol and 4-methoxybenzaldehyde were cyclized under microwave irridation and solvent free conditions to synthesize 2-(4-methoxyphenyl)benzo [d]thiazole. The molecular structure and vibrational frequencies of the title compound in the ground state have been investigated with ab initio (HF) and density functional theory methods (BLYP, B3LYP, B3PW91 and mPW1PW91) implementing the standard 6-311G(d,p) basis set. Comparison of the observed fundamental vibrational frequencies of title compound and calculated results by HF and DFT methods indicate that B3LYP is superior to the scaled HF approach for molecular problems.
Introduction
The synthesis of benzothiazoles and their derivatives has been of considerable interest to organic and medicinal chemists for many years as indicated by large number of drugs including this group [1] [2] [3] [4] . This heterocyclic nucleus is a very important group because of its potent antitumor activity [5] [6] [7] [8] and other important pharmaceutical utilities, such as treatment of inflammatory diseases, epilepsy, analgesia, viral infections, cancer, and tuberculosis [9] [10] [11] [12] [13] [14] [15] . Particularly, there is significant interest in the synthesis of 2-substituted benzothiazoles in recent years [16, 17] . The benzothiazoyl-moiety is a structure element of compounds with potent and selective antitumor activity. For instance, 2-(4-aminophenyl)benzothiazoles exhibit nanomolar inhibitory activity against a range of human breast, ovarian, colon, and renal cell lines in vitro [18, 19] . Structure-activity relationships derived using these cell types has revealed that activity follows the heterocyclic sequence benzothiazole>benzoxazole>benzimidazole and the 2-(4-amino-3-methylphenyl)benzothiazole derivative is found as the most potent compound in this series with its activity extending to ovarian, lung and renal cell lines. Our earlier work led to the development of new antitumor active compounds with a benzothiazole skeleton.
IR spectroscopy is usually considered as an important experimental method for chemists. The experimental and theoretical vibrational spectrum assignments of free benzothiazole have not been published so far. In the present work, we have synthesized and calculated the geometric parameters and vibrational frequencies of the title compound in the ground state to distinguish the fundamental from the experimental vibrational frequencies using the Hartree-Fock (HF) [20] , density functional by employing Becke's three-parameter hybrid method [21] with the Lee, Yang, and Parr correlation functional methods [22] (B3LYP), Becke's exchange functional in combination with the Lee, Yang and Parr correlation functional methods (BLYP) [22, 23] , the Barone and Adamo's Becke-style oneparameter functional using the modified Perdew-Wang exchange and Perdew-Wang 91 correlation method, (mPW1PW91) [24, 25 ], Becke's three parameter exchange functional combined with gradient corrected correlation functional of Perdew and Wang's 1991 (B3PW91) [23, 26] , and 6-311G(d,p) basis set. Furthermore, we interpreted the calculated spectra in terms of potential energy distributions (PEDs) and made the assignment of all experimental bands based on PED analysis results.
Results and Discussion
The simplest route to substitute 2-phenylbenzothiazoles involves various reactions between o-aminothiophenols and substituted benzoic acid derivatives (e.g., in polyphosphoric acid) [27] . In recent years, the use of microwave irridation to simplify and improve classical organic reactions has become a very popular method [28] because it often leads to high yields, clean reactions, and shorter reaction times. We have carried out the reaction of aromatic aldehydes with o-aminothiophenol in the presence of silica gel under microwave irradiation and solvent free conditions. It has been found that the 2-(4-methoxyphenyl)benzo[d]thiazole was obtained in good yield. The optimum conditions employed are that a molar ratio of aldehyde and o-aminothiophenol is 1:2 and irridation time and power levels of microwave set-up are 6 min and 300 W.
Conformational stability
To establish the most stable conformation as the initial point for further calculations, the molecule was submitted to a rigorous conformation analysis around the free rotation bonds. This study was performed with the software Spartan 06 [29] . The structure of the title compound shown in Figure 1 has two conformations. Energetics, gathered in Table 1 , show that the Conformer 1 is the most stable. Therefore, further in this paper, we focus on this particular form of the title compound. 
Molecular geometry
In this work, we performed full geometry optimization of the title compound. The optimized structure parameters of the title compound calculated by ab initio and DFT methods listed in Table 2 are in accordance with atom numbering scheme given in Figure 1 . To the best of our knowledge, crystal data of the 2-(4-methoxyphenyl)benzo[d]thiazole are not available in the literature. Therefore, the optimized structure can only be compared with crystal structure of other similar systems [30] [31] [32] . We have noticed that the DFT calculations are consistent with the results of X-ray data. From Table 2 , it was found that the bond angles calculated by DFT methods are consistent with those by HF method. However the bond lengths calculated by HF method are little shorter than those obtained by DFT method. 
Vibrational assignments
The vibrational spectra of benzo[d]thiazole derivatives have not been described in detail in any literature. Therefore, we focused on a benzo
The FT-IR spectrum of the title compound is shown in Fig. 2 . We have calculated the theoretical vibrational spectra of 2-(4-methoxyphenyl)benzo[d]thiazole by using HF, B3LYP, BLYP, B3PW91 and mPW1PW91 methods with 6-311G(d,p) basis set. None of the predicted vibrational spectra has no imaginary frequency, implying the optimized geometry is located at the local lowest point on the potential energy surface. It is known that ab initio and DFT potentials systematically overestimate the vibrational wavenumbers. These discrepancies can be corrected either by computing anharmonic corrections explicitly or by introducing a scaled field [33] or directly scaling the calculated wavenumbers with the proper factor [34] . Considering systematic errors with scaling factor of 0.9051, 0.9679, 0.9934, 0.9631 and 0.9567, we calibrated the vibrational wavenumbers calculated by HF, B3LYP, BLYP, B3PW91 and mPW1PW91, respectively. After scaled with a scaling factor, the deviation from experiments is less than 10 cm −1 with a few exceptions. Theoretical and experimental results of the title compound are shown in Table 3 . The vibrational bands' assignments have been made by using both the animation option of GaussView 3.0 graphical interface for Gaussian programs [35] and VEDA 4 program [36] . All the calculated spectra are in a good agreement with the experimental data. All DFT methods are superior to HF method in terms of realistic reproduction of both band intensity distribution and general spectral features. The characteristic ν CH stretching vibrations of heteroaromatic structure are expected to appear in 3000-3100 cm -1 frequency ranges. The ν CH stretching vibrations of the title compound were assigned to four bands observed at 3111, 3084, 3076, and 3062 cm -1 in the infrared spectrum. The B3LYP calculated wavenumbers of these bands very well reproduced the experimental ones. The difference between experimental and calculated ν CH is about 3, 7, 4, and 4 cm For the assignments of CH 3 group frequencies, eight fundamental vibrations can be associated to CH 3 groups. Three stretching, one umbrella, one rocking and three deformation vibration mode designated the motion of the methyl group. The CH 3 asymmetric and symmetric stretching frequencies are established at 3034, 2968, and 2910 cm -1 in infrared spectra. The three methyl hydrogen deformation modes are also well established in the spectra. We have observed the methyl deformation mode at 1483, 1467, and 1454 cm −1 in the infrared. The calculated band at 1433 and 1122 cm −1 are attributed to an umbrella and a CH 3 rocking vibration, respectively [38] . The characteristic region of the benzothiazole derivatives on the spectrum is 1500-1650 cm -1 as benzimidazole derivatives. The vibrational frequencies and intensities for all substituted benzothiazole derivatives in this range differ from the position of the substituent [39] . Generally, two bands observed in 1500-1650 cm -1 range for benzothiazole derivatives. The observed vibrational frequencies (1591 and 1558 cm -1 ) are generally intense because of the conjugation between the benzene and thiazole rings. In addition, the vibrational frequencies in this range vary with the electronegativity of the substituent. The 4-methoxyphenyl group in position 2 is less apt to influence the vibrational frequencies in this range. Additionally, we obtained another vibrational frequency at 1604 and 1571 cm -1 which comes from 4-methoxyphenyl group. The identification of ν C-N vibrations is a difficult task since the mixing of vibrations is possible in this region. However, with the help of the animation option of GaussView 3.0 graphical interface for gaussian programs and VEDA 4 program, the ν C-N vibrations are identified and assigned in this study. The IR bands appearing at 1521, 1483, and 1467 cm -1 are assigned to ν C=N vibrations and 1267, 1253, and 1207 cm -1 are assigned to ν C-N vibrations with the δ CH for the title compound. All these results agree with Sundaraganesan et al. [40] and Krishnakumar et al. [41, 42] . ) and IR intensities (km mol The O-CH 3 mode is assigned in the region 1000-1100 cm −1 for anisole and its derivatives [38, 40, [43] [44] [45] . In this work, the O-CH 3 stretching mode is assigned to medium IR band at 1010 cm −1 .
The theoretically computed value at 1005cm −1 exactly coincides with the experimental results. The C-O-CH 3 angle bending mode is assigned near 300 cm −1 for anisole by and at 421 cm −1 for p-methoxy benzaldehyde by Campagnaro and Wood [46] . Owen and Hester [47] , Sundaraganesan et al. [40] and Ramana Rao et al. [43] [44] [45] 48] have proposed assignment for C-O-CH 3 angle bending mode in the region 300-670 cm −1 for anisole and its derivatives. As this mode lies in the region of the ring planar C-C-C angle bending modes, a strong mixing amongst these two modes and other planar modes is expected. Accordingly, we have assigned the theoretically calculated value by B3LYP/6-311G(d,p) at 461 cm −1 as C-O-CH 3 angle bending mode.
A better performance of B3LYP, BLYP, B3PW91 and mPW1PW91 versus HF in general can be quantitatively characterized by using the mean absolute deviation, root mean square values and coefficients of correlation (cc) between the calculated and observed vibration frequencies and given in Table 4 . The root mean square (RMS) values were obtained in this study using the equations (12) and (13) from Ref. [22] . The cc values for all three DFT methods were bigger than 0.9998, whereas for HF it was 0.9997. These values are very close to those reported for the literature data [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] . These results indicate that the fundamental frequencies calculated (DFT) for the title compound show quite good agreement with experimental values. Furthermore, the B3LYP method calculations approximate the observed fundamental frequencies much better than results of the other investigated DFT methods. This is also proved by the low RMS deviation values of about 7.7 cm -1 . The RMS value obtained with the B3LYP method is smaller than those obtained by Rauhut and Pulay [60] for a group of 20 molecules (RMS = 13 cm -1 ). The small difference between experimental and calculated vibrational modes is observed. This discrepancy can come from the formation of intermolecular hydrogen bonding. Also, we note that the experimental results obtained from solid phase and theoretical calculations belong to gaseous phase.
Experimental Section

Synthesis of 2-(4-methoxyphenyl)benzothiazol
All chemicals used for the preparation of the title compound were reagent grade quality. To a solution of 4-methoxybenzaldehyde (3 mmol) and o-aminothiophenol (6 mmol) in diethylether (10 mL) silica gel (3 g) was added (Scheme 1). The slurry was mixed thoroughly and the solvent was removed by rotary evaporation. The resultant solid was subjected to microwave irridation using microwave oven operating at 300W for 6 min. After cooling, the product was extracted with ethyl acetate. The extract was then filtered and the filtrate was evaporated under reduced pressure to yield the crude product. The product was purified by recrystallization in methanol. (Yield 94%), M.p. 393 K (392-394 K) [61] . 1 
Instrumentation
Microwave reaction was carried out in 10 mL sealed glass tubes in focused mono-mode microwave oven (Discover by CEM). Melting points were determined using an Electrothermal-9300 Digital Melting Points Apparatus (Electrothermal Inc., Essex, UK). The 1 H-NMR spectra were recorded on Bruker 400 MHz NMR spectrometer. Chemical shifts are reported in parts per million relative to internal standard tetramethylsilane. Microanalyses were performed by TUBITAK Analytical Laboratory (Ankara, Turkey). Mass spectra were recorded on a VG Autospec, using the FAB technique. The room temperature attenuated total reflection Fourier transform infrared (FT-IR ATR) spectrum of the 2-(4-methoxyphenyl)benzo [d] thiazole was recorded using Varian FTS1000 FT-IR spectrometer with Diamond/ZnSe prism (4000-525 cm −1 ; number of scans: 250; resolution: 1 cm −1 ) in the solid (Fig. 2) .
Calculation details
The conformation analysis study was carried out by Spartan 06 program package [29] . All the other calculations were performed with the Gaussian 03W program package on a double Xeon/3.2 GHz processor with 8 GB Ram [63] . The molecular structure of the title compound, in the ground state are optimized by using the Hartree-Fock (HF) [20] , density functional using Becke's three-parameter hybrid method [21] with the Lee, Yang, and Parr correlation functional methods [22] (B3LYP), Becke's exchange functional in combination with the Lee, Yang and Parr correlation functional methods (BLYP) [22, 23] , the Barone and Adamo's Becke-style one-parameter functional using the modified Perdew-Wang exchange and Perdew-Wang 91 correlation method, (mPW1PW91) [24, 25 ], Becke's three parameter exchange functional combined with gradient corrected correlation functional of Perdew and Wang's 1991 (B3PW91) [23, 26] , and 6-311G(d,p) basis set. The vibrational frequencies were also calculated with these methods. The frequency values computed at these levels contain known systematic errors [64] . Therefore, we have used the scaling factor values of 0.9051, 0.9679, 0.9934, 0.9631 and 0.9567 for HF, B3LYP, BLYP, B3PW91 and mPW1PW91, respectively [34, 49] . The assignment of the calculated wave numbers is aided by the animation option of GaussView 3.0 graphical interface for gaussian programs, which gives a visual presentation of the shape of the vibrational modes [35] . Furthermore, theoretical vibrational spectra of the title compound were interpreted by means of PEDs using VEDA 4 program [36] .
